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Abstract
The phospholipid composition of Rhodopseudomonas acidophila strain 10050 grown aerobically or anaerobically in the light was
determined. The major phospholipids present in the aerobic cells were phosphatidylethanolamine (PE; 54%), phosphatidylglycerol (PG;
24%) and cardiolipin (diphosphatidylglycerol, DPG) (14%), together with phosphatidylcholine (PC; 5%). On moving the cells to anaerobic
photosynthetic growth in the light PE remained the major phospholipid (37–49%), but there was a major change in the proportion of PC,
which increased to 31–33%, and corresponding reductions in the contents of PG to 11–16% and DPG to 4–5%. The fatty acid composition
of the phospholipids was unusual, compared with other purple non-sulfur photosynthetic bacteria, in that it contained 16:0 (29%), 17:1 (20%)
and 19:1 (9%) plus several mainly unsaturated 2-OH fatty acids (9% total) as major components, when grown aerobically in the dark. In
contrast when grown photosynthetically under anaerobic conditions there was < 2% 17:1 or 19:1 present, while the amounts of 16:1 and 18:1
increased, and 16:0 decreased. The phospholipid composition of the purified light-harvesting complex 2 (LH2) complex was PE (43%), PC
(42%) and DPG (15%). Unexpectedly, there was no PG associated with the purified LH2. These findings contrast with previous studies on
several other photosynthetic bacteria, which had shown an increase in PG upon photosynthetic growth [Biochem. J. 181 (1979) 339]. The
prior hypothesis that phosphatidyglycerol has some specific role to play in the function of light-harvesting complexes cannot be true for Rps.
acidophila. It is suggested that specific integral membrane proteins may strongly influence the phospholipid content of the host membranes
into which they are inserted.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Purple non-sulfur bacteria, such as Rhodopseudomonas
acidophila, can grow either aerobically by respiration or
anaerobically by photosynthesis [1,2]. Aerobic cells are
unpigmented and their cell membrane is not invaginated.
When these aerobic cells are transferred to anaerobic con-
ditions they become pigmented and synthesise, de novo,
everything required to support the light-reaction of photo-
synthesis (see Ref. [4] for a review). Associated with this
transition from aerobic to anaerobic growth, the cell mem-
brane becomes highly invaginated, forming a series of
continuous intracytoplasmic membranes. These membranes
contain all the protein components necessary for the light
reactions. Previous work by Russell and Harwood [3]
compared the phospholipid compositions of aerobic and
anaerobic (photosynthetic) membranes from Rhodobacter
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sphaeroides, Rhodobacter capsulatus and Rhodospirillum
rubrum. In all three bacteria, there was an increase in the
content of phosphatidylglycerol (PG) in the photosynthetic
membranes relative to the aerobic membranes, apparently at
the expense of phosphatidylethanolamine (PE), and chroma-
tophore preparations of the three bacteria were enriched with
PG. On the basis of these analyses, we suggested that, as in
plant thylakoids (in which PG is the only phospholipid), the
PG may preferentially be associated with the photosynthetic
pigment–protein complexes [1]. This hypothesis was con-
sistent with the results of a study of spin-labelled chromato-
phores by Birrell et al. [5], who found that the antenna
bacteriochlorophyll-binding proteins preferentially inter-
acted with and immobilised negatively charged lipids. It
was shown subsequently by Knacker et al. [6] that mutants of
Rb. sphaeroides defective in bacteriochlorophyll synthesis
contained less PG than did the wild-type strain, particularly if
grown under low-oxygen conditions when more (photo-
synthetic) intra-cytoplasmic membrane should be made; this
result indicated that pigment and lipid syntheses are coordi-
nated and linked to pigment–protein complex assembly
involving a role for PG.
The crystal structure of the light-harvesting complex 2
(LH2) antenna pigment–protein complex from Rps. acid-
ophila strain 10050 has been described [7]. This integral
membrane protein is a cyclic a9h9 oligomer and its structure
is shown in Fig. 1. The nine a-apoproteins form an inner
ring of transmembrane a-helices and the nine h-apoprotein
helices make up the outer ring. The pigments are complexed
between these two rings of helices. In the photosynthetic
membrane in vivo, the central ‘hole’ appears to be filled
with phospholipids, representing an interesting microenvir-
onment. When LH2 is solubilised by detergents, such as
N,N-dimethyldodecylamine-N-oxide (LDAO), it is assumed
that detergent molecules replace most of the phospholipids.
In the electron density maps used to determine the crystal
structure of this LH2 complex [7], there was some extra
density in the inside of the central ‘hole’ which could not be
assigned to protein or pigments. It was suggested that this
could be either bound detergent or phospholipid molecules
[8]. Interestingly, very similar extra electron density was
seen in the crystal structure of the LH2 complex from
Rhodospirillum molischianum [9]. In order to determine
what this extra electron density is due to, we have been
using neutron diffraction in combination with H2O/D2O
contrast mapping of deuterated detergents [10–12]. To help
with the interpretation of this data, we needed to determine
which phospholipids are retained by the highly purified,
solubilised LH2 complexes used for crystallisation.
In this paper we describe the phospholipid composition
of intact cells of Rps. acidophila and of the purified LH2
fraction. Interestingly, the phospholipids remaining bound
to LH2 were found to be quite different when compared
with previous studies on Rb. sphaeroides and some other
photosynthetic bacteria [1], and it does not appear to be a
general rule that PG is always associated preferentially with
bacterial photosynthetic antenna complexes. In addition, we
have found that Rps. acidophila has a phospholipid fatty
acyl composition that is quite unlike other purple non-sulfur
bacteria.
The results are discussed in the light of emerging
crystallographic data on the membrane proteins where
tightly bound phospholipids are beginning to be described
[13].
2. Materials and methods
2.1. Cell growth and fractionation
Cultures of Rps. acidophila strain 10050 were grown
either aerobically or anaerobically in the light (high light
f 160 Amol photons/s/m2, low light f 10 Amol photons/s/
m2) as described previously by Pfennig [14] and Gardiner et
al. [2]. After growth the bacteria were harvested by cen-
trifugation at 12000 g for 20 min and resuspended in 20
mM Tris–HCl, pH 8.0. They were then either frozen until
required or were broken by passage through a French
Pressure Cell at 152 mPa in the presence of DNAse and
magnesium chloride [2,15]. The membranes were harvested
from the broken-cell mixture by ultracentrifugation at
210000 g for 90 min, resuspended in 20 mM Tris–HCl,
pH 8.0, and then stored frozen until required.
The LH2 complex was isolated and purified from the
membranes, following solubilisation with the detergent
Fig. 1. Schematic representation of the structure of the LH2 antenna
pigment–protein (nonamer) complex of Rps. acidophila strain 10050. A
top view of the structure to illustrate the central hole of the complex, formed
by two concentric rings of nine a/h polypeptide pairs that act as a scaffold
to hold the bacteriochlorophyll and carotenoid pigments in the correct
orientation to perform their light-harvesting functions.
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LDAO, as described by Howard et al. [15]. The purity of the
LH2 complexes was measured by recording the ratio of
absorbances at 859 and 280 nm as described previously
[16].
2.2. Lipid analysis
Polar lipids were extracted using the method of Bligh and
Dyer as described by Kates [17]. Individual phospholipids
were separated by one-dimensional thin-layer chromatogra-
phy (TLC) using chloroform/methanol/glacial acetic acid/
water (85:15:10:3.5, by vol.) as the solvent system, or by two-
dimensional TLC using chloroform/methanol/7 M ammonia
solution (65:30:5, by vol.) in the first dimension and chloro-
form/methanol/glacial acetic acid/water (85:15:10:3.5, by
vol.) in the second dimension. Phospholipids were identified
by using specific sprays and staining reagents for phosphate
(molybdate), amino groups (ninhydrin) and vicinal hydroxyl
groups (Schiff-periodate), as described by Kates [17]. Phos-
pholipid composition was quantified by phosphorus analysis
of individual components separated on thin-layer chromato-
grams [17].
Cellular fatty acid methyl esters obtained by methylation
of the total lipid extract [17] were analysed by capillary-gas
chromatography (GC). A Hewlett Packard 5880 A series
chromatograph equipped with a flame-ionisation detector
(injector temperature, 250 jC; detector temperature, 250
jC) was used, fitted with a splitter (ratio 100:1) and a 30
m 0.25 mm (i.d.) fused silica capillary column coated with
0.2-Am film thickness of Supelco SP-2380. Nitrogen was
used as the carrier gas with a flow rate of 1 ml/min. Fatty
acid methyl esters were separated isothermally at 160 jC.
The results were analysed using a Spectra-Physics SP 4270
Computing Integrator with a Hewlett Packard 5880A series
GC-terminal. Fatty acids were identified by comparison of
their retention times with authentic standards (Supelco),
before and after hydrogenation and/or bromination [17],
and by GC-MS using a Hewlett Packard 6890 series Gas
Chromatograph and Hewlett Packard 5973 Mass Spectrom-
eter. The 30 m 0.25 mm (i.d.) fused silica column was
coated with a 0.25-Am film thickness of HP-5MS cross-
linked 5% HP ME Siloxane (Hewlett Packard no. 19091S-
433). The carrier gas flow rate was 0.9 ml min 1 helium
with a split ratio of 50:1. The injection temperature was 250
jC, and the oven temperature was held initially at 50 jC for
1 min then raised at 2-centigrade degrees per minute to 200
jC and held at the final temperature for 9 min.
Trimethylsilyl (TMS)-ether derivatives of hydroxy fatty
acid methyl esters were prepared following the method of
Kates [17] using Sigma-SIL-A silylation mixture (Sigma-
Aldrich Co.). The resulting TMS derivatives were separated
by one-dimensional TLC using petroleum ether (b.p. 60–80
jC)/diethyl ether/glacial acetic acid (85:15:1, by vol.) as the
solvent system. Oleyl alcohol and methyl oleate were used
as standards (Sigma-Aldrich) for comparison of Rf values
before and after TMS derivatisation.
3. Results and discussion
Cultures of Rps. acidophila strain 10050 were grown
aerobically in the dark and photosynthetically, under anae-
robic conditions, at high and low light intensities. Part of the
absorption spectra relevant to identifying LH complexes in
these bacteria is shown in Fig. 2. The membranes from
aerobically grown cells show no absorption peaks in the
near-IR that can be attributed to bacteriochlorophyll a,
whereas the membranes isolated from photosynthetically
grown cells show the typical absorption bands due to
bacteriochlorophyll 800 and 860 nm. In the near-IR the
different absorption bands arise from the different antenna
complexes present [18]. The membranes from high-light-
grown cells clearly contain LH2 (B800–850) and LH1 (a
broadening on the long wavelength side of the 850-nm
absorption peak). The low-light membranes contain LH2,
LH3 (B800–820) and LH1 (now seen as a shoulder at
f 875 nm). These changes in the antenna content of the
photosynthetic unit of Rps. acidophila in response to growth
of different light intensities have been described in detail
elsewhere [2], but are given briefly here to prove the
authenticity of the material used for lipid extractions.
The contents of the major phospholipids present in the
bacteria grown under these three different conditions were
determined and the results are presented in Table 1. Since
the bacteria do not store lipid, the cellular analyses represent
total membrane lipid compositions and therefore act as
controls against which to compare the LH2 lipid composi-
tion. In aerobically grown cells the major phospholipids
present, in order of abundance, are PE, PG, diphosphatidyl-
glycerol (DPG) and phosphatidylcholine (PC). When the
cells are grown photosynthetically, PE is still the major
phospholipid present. However, under these growth con-
ditions the content of PC goes up, while the contents of PG
and DPG decrease. In contrast, in a previous study on
Fig. 2. Absorption spectra of membranes isolated from Rps. acidophila
strain 10050 grown under different conditions. The aerobic cells were
grown in the dark. The low light and high light cells were grown under
anaerobic conditions. Membranes were prepared from these cells as
described in Section 2, resuspended in 20 mM Tris–HCl, pH 8, and their
absorption spectra recorded.
N.J. Russell et al. / Biochimica et Biophysica Acta 1556 (2002) 247–253 249
another purple non-sulfur photosynthetic bacterium, Rb.
sphaeroides [3], the shift from aerobic to anaerobic growth
was associated with an increase in the content of PG. In that
previous study it was suggested that the increase in PG
might be associated with the synthesis of the photosynthetic
pigment–protein complexes, which are induced by the
aerobic to anaerobic transition. This is clearly not the case
in Rps. acidophila.
The fatty acid composition of Rps. acidophila grown
under aerobic conditions in the dark is shown in Table 2.
The major fatty acids present in the aerobically grown cells
are 16:0, 17:1, 18:1D11, 16:1D9, 19:1 and 2-OH 16:1 in
order of abundance. The presence of 17:1, particularly in
such a large proportion, is unique for anoxygenic photo-
synthetic (and other Gram-negative) bacteria, in which cis-
vaccenic (18:1D11cis) is usually the dominant fatty acid
accounting for up to 85% in some Rhodospirillaceae
[19,20]. The identities of 17:1 and 19:1 were proved as
unsaturated fatty acids by reduction to 17:0 and 19:0 by
catalytic hydrogenation; furthermore, they were not
destroyed by bromination, showing that they were not
cyclopropane acids. The double-bond positions of the 17:1
and 19:1 components are not known, but they are assumed
to be D10 and D12, since both 16:1D9 and 18:1D11 are
members of the N-7 series of fatty acids. The small amounts
of 3-OH 14:0 and 3-OH 16:0 are probably derived from
lipopolysaccharide (LPS) that has been co-extracted as a
contaminant of the organic-solvent-soluble phospholipid.
This latter acid has been reported previously in Rps. acid-
ophila LPS [21], and is also present in the LPS of the related
photosynthetic a-proteobacteria (purple bacteria) Rhodomi-
crobium vannieli and Rhodopseudomonas palustris and the
cyanobacteria Synechocystis sp. and Synechococcus sp.
[22].
The unsaturated hydroxy acids, 2-OH 16:1, 2-OH 17:1
and 2-OH 18:1, were not reported as being present in the
LPS of Rps. acidophila by Tegtmeyer et al. [21], and they
are not generally found in bacterial LPS [22]. Because their
occurrence in bacterial phospholipids is so unusual, partic-
ular care was taken in confirming their identities, first by
capillary-GC of fatty acid methyl esters, before and after
catalytic hydrogenation, and second by GC-MS. The latter
analysis gives a diagnostic fragment at m/z = 103, which is
characteristic of the CH3-COOCH2-CHOH fragment from
hydroxy fatty acids, together with the usual (unsaturated)
alkyl chain fragment pattern and the diagnostic McClafferty
rearrangements peak of m/z = 74 plus its hydroxylated
counterpart at m/z = 90. Moreover, the overall fragmentation
patterns, and specifically the abundance of the m/z = 103
peak, are quite different and diagnostic for 2-OH and 3-OH
derivatives. When the phospholipid fatty acid sample of
Rps. acidophila was chromatographed, the unsaturated
hydroxy fatty acids had retention times that corresponded
to those of 2-OH fatty acids and this putative identity was
confirmed by their mass spectral fragmentation patterns.
This was further confirmed by GC-MS analysis of authentic
2-OH and 3-OH fatty acid standards.
In total, the saturated and unsaturated hydroxy acids
comprise nearly 10% of the total fatty acyl chains of the
phospholipids, depending on how the culture is grown, an
amount that is large enough to be detectable by TLC. When
a sample of the total fatty acid methyl esters was chromato-
graphed on thin-layer plates using petroleum ether (b.p. 60–
80 jC)/diethyl ether/glacial acetic acid (85:15:1, by vol.) as
the solvent system, the hydroxyl fatty acids had an Rf value
that was the same as that of the authentic standards in the
same solvent system, and moreover, the Rf value was
increased by derivatisation of the hydroxyl group by trime-
thylsilylation (Fig. 3). These independent experimental
approaches prove the existence of hydroxy fatty acids in
Rps. acidophila.
Neither saturated nor unsaturated hydroxy fatty acids
have been reported previously in the membrane phospholi-
pids of photosynthetic bacteria. Some other groups of
Table 2
The fatty acid composition of acyl lipids of Rps. acidophila grown under




















b Trace, < 0.1%.
Table 1
The phospholipid composition (wt.%) of whole cells of Rps. acidophila
grown under different conditions and of antenna complex LH2 derived










Phosphatidylcholine 32.6F 4.8 30.8F 1.5 42.3F 5.6 5.0F 0.6
Phosphatidylglycerol 10.6F 1.8 16.2F 1.0 nda 24.3F 0.6
Phosphatidylethanolamine 36.6F 7.8 49.0F 0.8 43.3F 2.8 53.6F 3.3
Diphosphatidylglycerol 5.0F 0.3 3.5F 0.4 15.3F 4.0 14.0F 4.8
The data are meansF standard deviation of at least duplicate analyses of
two or three independent cultures or LH2 preparations.
a Not detected (limit of detection = 2 Ag).
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bacteria do contain significant proportions of membrane
lipids with hydroxy-fatty acyl chains, for example gliding
bacteria in which they may function in motility [19], but it is
not known what is their function in the membrane phos-
pholipids of Rps. acidophila. The hydroxyl group introdu-
ces a polar functional group into what would be an
essentially nonpolar environment of the membrane; as such,
the hydroxyl group may have unusual properties that could
be significant for the function of the light-harvesting com-
plex since the hydroxy fatty acids are concentrated in the
LH2 preparations compared with the total membrane (Table
3). It is not known why the unsaturated hydroxy fatty acids
in phospholipids are of the 2-OH series, in contrast to the 3-
OH fatty acids in the LPS, but it indicates there could be
some functional significance in relation to lipid–protein
interactions. Biosynthetically, there are interesting questions
of how the 2-OH and 3-OH fatty acids are partitioned
between the inner and outer membranes.
When cultures are grown photosynthetically, whether
under low or high light levels, the content of 16:0 falls
about threefold and the contents of 16:1 and 18:1 rise
about threefold and twofold, respectively, while the con-
tents of 17:1 and 19:1 fall to barely detectable levels
(Table 3). Such a change indicates a large shift in the
properties and functioning of fatty acid synthetase, respon-
sible for the production of the fatty acids, because even-
carbon-numbered fatty acids are made using acetyl-ACP as
the priming molecule, whereas odd-carbon-numbered
(straight-chain) fatty acids are built on propionyl-ACP as
the primer [19].
With this background information, we determined the
composition of those phospholipids that remain associated
with the highly purified preparation of the LH2 complex
from Rps. acidophila strain 10050. These results are also
shown in Table 1. The LH2 complex retained approxi-
mately equal proportions of PE and PC, together with 15%
DPG; unexpectedly, however, PG was totally absent (the
lowest detection limit by either phosphorus or fatty acid
analysis was 0.1–0.2% of the total phospholipid present).
It is possible that the detergent removed PG, but it seems
unlikely that it would have selectively removed all of this
particular lipid, so we do not believe that this is a valid
explanation of the result. The predominant fatty acids
present in those phospholipids which are retained by
LH2 are the same as in cells grown photosynthetically
under high or low light conditions, except that the pro-
portion of 2-OH 16:1 is markedly enriched (at least
tenfold) in the antenna complex; in addition, the proportion
of 18:1D11 is increased, while that of 16:1D9 is decreased
(Table 3).
The functional significance of these specific phospholipid
and fatty acid contents for the photosynthetic pigment–
protein complexes in Rps. acidophila is not clear at this
stage. However, there does appear to be significant species
variation among purple non-sulfur bacteria as to which types
of phospholipid are associated with development of the
intracytoplasmic membranes. Moreover, Rps. acidophila
differs from other photosynthetic bacteria and plants in not
Table 3
A comparison of the proportions (wt.%) of major fatty acids in the acyl
lipids of whole cells of Rps. acidophila grown under different conditions
and of antenna complex LH2 derived from cultures grown under high light
conditions









16:1D9 36.8F 0.3 41.4F 4.7 13.8 8.8F 0.6
16:0 15.1F 0.1 14.1F 0.8 13.9 30.2F 1.3
17:1 tra tr tr 20.7F 0.9
3-OH 16:1 0.9F 0.5 1.1F 0.2 13.2 2.5F 0.2
18:1D11 44.4F 0.3 44.9F 4.3 59.1 29.9F 2.9
19:1 < 2.0 tr tr 7.9F 0.5
The data are meansF standard deviation of at least triplicate analyses of
three independent cultures for whole cells, and the mean of two
independent preparations of LH2 (< 2% variation). They are calculated as
relative percentages, ignoring the minor components given in Table 2, so
that the major differences between growth conditions and samples can be
seen.
a Trace, V 0.5%.
Fig. 3. Thin-layer chromatogram of fatty acid methyl esters derived from
the polar lipids of Rps. acidophila before and after derivatisation by
trimethylsilylation. The fatty acids were separated using a solvent system of
petroleum ether (b.p. 60–80 jC)/diethyl ether/glacial acetic acid (85:15:1,
by vol.) and visualised by charring with sulfuric acid and heating. Lane 1,
oleyl alcohol standard; lane 2, Rps. acidophila fatty acid methyl esters; lane
3, trimethylsilyl-ether derivatives of Rps. acidophila fatty acid methyl
esters; lane 4, trimethylsilyl-ether derivative of oleyl alcohol standard; lane
5, methyl oleate standard.
N.J. Russell et al. / Biochimica et Biophysica Acta 1556 (2002) 247–253 251
having photosynthetic membranes that are enriched in PG,
which hitherto had been regarded as having some specific
role to play in photosynthesis [23]. This hypothesis was
based initially on results with plant thylakoids and then on
studies of some other photosynthetic bacteria (see Introduc-
tion). Extensive studies on the distribution of phospholipids
and their biosynthetic enzymes in different membrane frac-
tions of Rb. sphaeroides have been performed by the groups
of Kaplan and Niederman (e.g. see Refs. [24–26]). How-
ever, there is no specific information about the lipid compo-
sition of LH2 from Rb. sphaeriodes and, bearing in mind the
different responses of lipid composition to light and oxygen
in that photosynthetic bacterium compared with those of
Rps. acidophila, it is not possible to make meaningful
comparisons with the earlier work on lipid distributions.
The phospholipid biosynthesis pathway in bacteria
branches with one ‘‘arm’’ producing PG and PDG and the
other PE and PC [19]. Clearly, in Rps. acidophila the switch
from growth by respiration to growth by photosynthesis
(associated with production of the intracytoplasmic mem-
branes) up-regulates the PE/PC pathway. It will be interest-
ing to see how this is regulated at the molecular level
particularly in relation to the biophysical properties of the
membrane. PC and PE are zwitterionic phospholipids,
whereas PG and DPG are anionic; the unsaturated PE and
DPG tend to form non-bilayer phases, whereas PG and PC
form lamellar (bilayer) phases [27]. The ratio of non-bilayer/
bilayer-forming phospholipids in the aerobic nonphotosyn-
thetic membranes is about 2, whereas in the photosynthetic
membranes and LH2 it is close to unity. This difference is
large enough to affect not only the lipid phase behaviour but
also the charge distribution, both of which will influence
protein–lipid interactions.
On the basis of our fatty acid and lipid-phosphorus
analyses of LH2, and knowing the molecular mass of the
major LH2 protein in the complex [7], it is possible to
calculate the molar ratio of phospholipid to protein as being
in the range from 3.5 to 23. The lower values are derived
from lipid phosphorus analyses, while the higher values are
based on lipid fatty acyl quantitations. We believe the
former to be an underestimation and the latter an over-
estimation for the following reasons. The LH2 preparations
contain residual LDAO detergent, which contributes to the
total fatty acid content, i.e. the value obtained is over-
estimated. Therefore, we separated the total phospholipids
by TLC prior to lipid-phosphorus analyses, but this process
leads to an underestimated value obtained for two reasons.
First, losses occur during sample preparation by TLC and
elution from the plate; and second, because the detergent
chromatographs as a ‘‘smear’’ and overlaps with the phos-
pholipid. We have also calculated the phospholipid–protein
ratio on the basis of protein content measured either by
protein assay or by the optical density of the LH2 prepara-
tions, and obtained the same range of values. There is also a
twofold variation in the values obtained for different prep-
arations using either phospholipid fatty acid or phosphorus
content as the quantifying parameter. It is possible that this
variation reflects differences in the amount of phospholipid
that is replaced by detergent during the preparation of LH2.
There may be some phospholipid that is more tightly bound
within the central ‘‘hole’’ of the cyclic a9h9 oligomeric LH2
macromolecular structural organisation.
The structural determination of LH2 from Rps. acid-
ophila revealed the presence of an extra non-protein, elec-
tron density in the central cavity inside the ring of a-
apoprotein helices [7]. It was suggested previously that this
could represent residual weakly bound phospholipids that
were only partially resolved in the crystal structure. If these
were phospholipids retained by the purified LH2 complexes,
then a stoichiometry of 18 phospholipid per mole of com-
plex (i.e. two molecules per ah apoprotein pairs) would be
expected. However, the crystallographic data do not give
any information about the degree of occupancy of these
sites, and more investigations are necessary in order to
determine the structural organisation at the molecular level.
As more structures of membrane proteins trickle into the
protein database, bound phospholipids are beginning to be
visualised, e.g. reaction centres from Rb. sphaeroides
[13,28]. The sample is, as yet, too small to be able to
determine whether there are any general patterns to these
interactions and to really understand how they affect the
structure and function of the membrane proteins involved.
In the context of the present study, it is interesting to
speculate that if major membrane proteins such as LH2,
which can constitute up to 50% of the total membrane protein
present, show high specificity to which phospholipids with
unusual fatty acid composition can bind tightly then the type
of protein inserted into the membrane may, perhaps, regulate
the phospholipid composition of that host membrane. This
speculation is supported by the finding that mutants of purple
bacteria such as Rb. sphaeroides, which express different
components of the photosynthetic unit, e.g. only reaction
centres, typically have intracytoplasmicmembranes units that
dramatically alter the cellular morphology [29]. In addition,
recently it has been demonstrated that E. coli overexpressing
the B-subunit of its F1/F0 ATP synthase produces an exten-
sive system of intracytoplasmic membranes which are
strongly enriched in DPG in comparison with cytoplasmic
membrane [30]. Further work will be required to test these
ideas of specific protein–lipid interactions.
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